C arotid artery plaques have been associated with multiple complications such as cardiovascular events, retinal or cerebral ischemia, 1 and all-cause mortality. 2,3 Brain or retinal ischemia can be attributable to microembolic dissemination from a complicated plaque or to the hemodynamic consequences of carotid occlusion. Moreover, complex, vulnerable plaques are frequently found in association with hypertension and diabetes, often in subjects without clinically overt cardiovascular disease. 4 The grade of carotid stenosis related to carotid plaques can be assessed by ultrasound, CT, MRI, or angiography. Carotid artery ultrasound is a well-established method to visualize and
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December 2012 quantify atherosclerotic lesions (composition, vascularization, thickness of cap, plaque motion, and ulceration) and its vulnerability. 3, 5, 6 The ultrasonographically determined composition of carotid plaques was reported to be a better predictor of adverse events than plaque size. 7 In particular, echo-lucent lipid-rich, histologically "soft" plaques are associated with more complications compared with calcified or mixed plaques. 3, 6 Heterogeneous plaques including a hypoechoic component are associated with frequent intraplaque hemorrhage, ulceration, and adverse cardiovascular events. [8] [9] [10] The underlying atherosclerotic phenotypes associated with carotid plaque formation (eg, intima-media thickness, grade of stenosis, arterial stiffness) have moderate heritability according to multiple studies, [11] [12] [13] [14] but the genetic effects related directly to carotid plaque characteristics remain unclear. The aim of our study was to assess the heritability of carotid plaque characteristics in a twin population.
Materials and Methods

Subjects and Study Design
Two hundred seventy-five white Italian, Hungarian, and American adult twin pairs (192 monozygotic and 83 dizygotic; age 49 ± 15.5 years, mean±SD) were recruited in this classical twin study. Twin pairs from other ethnicities were not involved in the study. Oppositesex dizygotic twin pairs were excluded because their inclusion could bias the heritability estimates upward in the presence of sex-specific environmental or X chromosome effects, which could not be modeled because of a limited statistical power. Additional exclusion criteria were pregnancy and individuals with past carotid surgery. Zygosity was assigned according to a 7-part self-reported response. 15, 16 The research was conducted in accordance with the Declaration of Helsinki; the local ethical committees approved the study and all subjects gave informed consent before study entry. All subjects were restricted from smoking for 3 hours, from eating for 1 hour, and from drinking alcohol or coffee for 10 hours before measurements. See more details in the Supplemental Data.
Carotid Ultrasonography
The measurement of carotid ultrasound was performed by B-mode and color Doppler ultrasound with linear array high-frequency (5-10 MHz) transducers (in Rome: Esaote Technos MPX, in Padua: Philips iU22, in Perugia: Esaote Technos MP, in Hungary: Toshiba Power Vision and Esaote Mylab40, in the United States: Sonosite Titan). Sonographers were professional internists, neurologists, or radiologists. Bilateral carotid arteries were assessed from the origin of the common carotid artery until the proximal 3 to 4 cm of the internal and external carotid arteries. Carotid plaque was defined as an endoluminal protrusion of at least 1.5 mm or a focal thickening >50% of the intima-media thickness relative to the adjacent wall segment. 17 The investigators assessed bilaterally the presence, sidedness, number of carotid plaques, and their size (mm 2 ) on common carotid artery, proximal internal carotid artery, and external carotid artery. See more details in the Supplemental Data.
Statistical Analysis
Descriptive analysis (mean±SD for continuous variables, percentage for categorical variables) for age, zygosity, smoking history, body mass index, and the investigated carotid plaque characteristics was conducted using SPSS (SPSS 17.0 for Windows; SPSS, Chicago, IL). Differences among sex, zygosity, and countries were calculated using independent-sample t tests. P value <0.05 was considered significant. Due to the zero-inflated distribution of the plaque area values, 3 categories were created and analyzed as ordinal: no plaque and < or >50 percentile. To investigate whether the anthropometric or cardiovascular risk factors have a substantial influence on the carotid plaque parameters beyond age, sex, and country, bivariate probit regression analyses were performed. The corresponding covariates have been added to the list of possibly relevant covariates in the heritability models. A descriptive estimate of the genetic influence was calculated using the within-pair correlation in monozygotic and dizygotic twin pairs with the corresponding bootstrapped 95% CIs. 18 Structural equation modeling was used to estimate heritability using the Mplus Version 6.1 (Muthén and Muthén) weighted least squares estimation due to the categorical nature of variables of interest. 19 Empirical CIs were calculated with a Bollen-Stine bootstrap procedure. 20 For each phenotype 2 ACE models were estimated. Model 1 follows convention and corrects for the twins' age, sex, and country. Model 2, in addition to age, sex, and country, also corrects for all risk factors with a significant relationship. These results tell us the impact of genes and of the environment after the influence of known risk factors is controlled for. See more details in the Supplemental Data.
Results
Clinical Characteristics
Supplemental Table 1 presents clinical characteristics of the study population by zygosity, sex, and country. Seventy percent of the twins were monozygotic. Dizygotic twins were older and had higher active smoking rate (P<0.05). Seventyone percent of the subjects were female. Carotid plaque prevalence and size and body mass index were higher in males compared with females (all P<0.05). Significant differences were detected for age of participants, plaque area, and smoking rate across countries (P<0.05). These differences were taken into account in cotwin correlation estimation and quantitative genetic models by regressing out age, sex, country (in Model 1), and significant covariates (in Model 2).
The age, sex, country, zygosity, and family corrected probit regression coefficients of the investigated carotid plaque characteristics with anthropometric measurements and cardiovascular risk factors are shown in Supplemental Table  2 . Some carotid plaque characteristics, smoking, and age showed a positive relationship. On the other hand, no association (2 exceptions: presence of carotid plaque and diabetes; plaque sidedness and hyperlipidemia) was observed between carotid plaque characteristics and sex, country, body mass index, central blood pressure, diabetes, and hyperlipidemia (Supplemental Table 2 ).
Heritability Analysis
Cotwin correlations as well as genetic and environmental proportions of variance, and their 95% CIs, are shown in the In multivariable-adjusted heritability estimates (Model 2 ACE), the magnitude of the genetic and environmental effects has not changed significantly.
Discussion
To the best of our knowledge, this is the first study that investigated heritability of carotid plaque characteristics (presence, numerosity, sidedness echogenicity, area) in an international twin population. We have shown that heritability is high and the influence of unique environmental factors is moderate.
Only few studies have investigated, indeed partially, the genetic determinants of carotid plaque characteristics. 12, 21, 22 Moskau et al 12 reported no genetic base for the carotid plaque score but demonstrated a moderate heritability of maximal carotid stenosis using a family study design; however, the sample size was small. A moderate (23%-28%) heritability of the presence of carotid plaques was reported in the San Antonio Family Heart Study. 21 Their analysis was limited to the largest plaque identified in either the carotid bulb or internal carotid artery only; this might explain the lower heritability compared with our findings. Twenty-eight percent heritability of the carotid plaque score was found in the Erasmus Rucphen Family study by measuring the common carotid artery, carotid bifurcation, and internal carotid artery. 22 It must be taken into consideration that the family design is useful in the determination of intergeneration resemblance or difference, but in contrast to the twin study design, it does not tangibly express outside factors such as family environment and culture. 23 Family studies, especially the ones limited to 2 generations, make more assumptions than the classical twin design concerning the sources of within-family transmission of a trait. Two-generation studies cannot reliably distinguish heritability from vertical cultural transmission and 3-generation designs still make several assumptions about the family environment. Our twin study reports higher genetic heritability than the cited family studies on additional key carotid plaque phenotypes. Our findings indicate that common environmental factors are not responsible for the total variance of these phenotypes, whereas unshared environmental factors affecting individual twins separately have a moderate impact. One possible explanation for the sizably higher heritability of the study at hand is better plaque measurements thanks to more advanced ultrasound devices.
A genomewide linkage analysis obtained a bit higher heritability estimates for plaque presence (50%), 24 yet these kind of studies usually underreport heritability. 25, 26 Noteworthy, their heritability CIs overlapped with ours. The same study identified loci on chromosomes 11p15, 14q32, and 15q23, which might influence heritability and stated that the SOX6 gene within the bone morphogenic protein pathway could be a candidate for carotid plaque formation. 24 The heterogeneity of percentage heritability reported in the various studies might derive from dissimilar study designs, different study populations, adjustments for various covariates, and population-specific environmental contributions to the phenotypic variances. Key findings of the family, twin, and genomewide linkage analysis studies investigating carotid plaque heritability are summarized in Supplemental Table 3 .
In our study, heritability of carotid plaque characteristics was much higher than previously reported in family studies, ranging between 66% and 78%. 12, 21, 22 We hypothesized that the genetic influence on these traits might be similar to other functional and structural parameters of the arterial wall such as arterial stiffness (characterized by carotid pulse wave velocity or augmentation index), central blood pressure, or carotid intima-media thickness 11, 13, 14 or to some cardiometabolic risk factors, which are known to be moderately heritable. [27] [28] [29] In a previous work, we investigated the heritability of vascular parameters on a smaller twin cohort and found that low to moderate genetic variance is responsible for the determination of these traits with heritabilities ranging between 0% and 38% for segment-specific carotid intima-media thickness, 45% for brachial augmentation index, and 42% for aortic pulse wave velocity assessed by oscillometry (TensioMed Arteriograph). 13 In contrast to those heritability estimates, in the present study we found an unexpectedly high genetic influence on the investigated carotid plaque traits. Of note, we found no influence of additional cardiovascular and anthropometric covariates on the heritability analyses (Model 2 ACE). The Healthy Twin Study provided evidence for segment-specific heritability of carotid intima-media thickness (heritability of intima-media thickness was 48% for common, 38% for carotid bifurcation, and 45% for internal carotid artery, respectively) and a shared genetic variation was reported on the 3 carotid segments. 30 Therefore, we also investigated whether the presence of carotid plaques are segment-specific in our sample. Because the number of plaques on the proximal common and external carotid arteries was too low, only the heritability of the carotid plaques in the bulbs and proximal internal carotid arteries was calculated, which indicated also higher heritability estimates (67.5% and 66.0%, respectively). These findings should stimulate the search for novel genes responsible for these promising candidate phenotypes in atherosclerosis. Only 1 twin study has dealt with plaques so far, namely calcified aortic plaques assessed by CT, and reported a similarly high heritability (61%). 30 In addition, Cecelja and coworkers 31 suggested that the association between aortic wall calcification and increased arterial stiffness is explained by a common genetic background. If our finding of a high genetic determinacy of carotid plaque characteristics is confirmed by future studies, carotid ultrasound might represent a very useful screening method in individuals with a family history of early cardio-and cerebrovascular events. A worldwide epidemic of cerebrovascular disease has been anticipated 32 and ultrasound evidence of carotid artery wall thickening or plaque is considered a key measure of target organ damage in hypertensive subjects. 33 In addition, arterial stiffness assessment might be helpful in identifying high-risk individuals, because atherosclerotic plaque formation can be genetically associated with arterial stiffening. 31 On the other hand, our study shows that environmental contribution has a moderate role in preventing, delaying, or attenuating carotid plaque formation. The "traditional" concept of the deterministic role of individual-specific modifiable environmental factors such as smoking, unhealthy nutrition, or reduced physical activity 34, 35 still remains important, because in societies where everyone is exposed to cardiovascular risk factors, genetics will become relatively more important in determining who will be affected by carotid atherosclerosis (ie, high heritability), yet management of cardiovascular risk factors remains the cornerstone to eradicating this disease, because these risk factors might be necessary for the disease to appear. Accordingly, these environmental factors might contribute to the atherosclerotic plaque composition and vulnerability modestly. However, environmental factors might be more relevant in genetically susceptible individuals, and therefore gene×environment interactions-not modeled here for reasons of power-should be investigated in future studies.
Potential limitations of our study should be considered: (1) carotid plaque size was assessed only in 2 dimensions; (2) the proportion of dizygotic twins was relatively small compared with other twin studies, which may lead to biased estimates in quantitative genetic analysis; (3) carotid ultrasound reading was not blinded to monozygotic/dizygotic status, which may increase our heritability estimates; (4) the study was carried out in cohorts of different ethnicity. However, no evidence of heterogeneity between countries was detected, and all the analyses were adjusted for country; (5) the unique environmental factor (E) category can be biased upward by random measurement error; and (6) the sample size did not allow us to test for sex differences in genetic and environmental variance components or to explore gene×environment interactive effects.
Conclusion
Our study showed for the first time in adult twins that the heritability of the key carotid plaque characteristics is high. Unshared environmental effects account for a modest portion of the variance. These findings, if validated by other laboratories, should stimulate the search for genes responsible for these traits.
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Subjects and study design
The history of vascular risk factors (hypertension, diabetes, stroke, etc.) was determined by a detailed questionnaire which was completed by a personal interview prior or after the ultrasound tests. If the patient brought his medical records, we reviewed the documents in order to confirm the history. Smoking history was recorded by a questionnaire: each subject was categorized as never, ex-or active smoker. Body mass index was measured by a clinically validated OMRON BF500 body composition monitor (Omron Healthcare Ltd., Kyoto, Japan). Current height was verified simultaneously. Central blood pressure was assessed by oscillometry (TensioMed Arteriograph, TensioMed Ltd., Budapest). Twins above the age of 18 years living in Hungary, Italy and USA were invited to participate. Italian twins were enrolled in Rome, Padua and Perugia by the Italian Twin Registry [1] 
Carotid ultrasonography
A participant was considered to be without plaques if the morphology of carotid arteries was reported to be normal on both sides. No automatic image analyzer program was used. The presence of plaque was categorized as a dichotomous variable (no plaque, plaque), while sidedness of the plaque was reported accordingly (no plaque, unilateral or bilateral). The images were stored digitally for further analysis which included the determination of echogenicity and calculation of plaque area in mm 2 . Plaque echogenicity was compared to the echogenicity of the sternocleidomastoid muscle and was classified in three categories as low (hypoechoic), high (hyperechoic) and mixed (containing both hypoechoic and hyperechoic parts) [2] . Carotid plaque numerosity indicated the total number of separate plaques found bilaterally; it was categorized as no plaque, one, two or more than two plaques. The size of the each carotid plaque in mm 2 was calculated by multiplying the largest thickness measured from the intimal line to the most protruding point in the lumen by the largest length in a longitudinal plane parallel to the carotid wall. In order to achieve a normal distribution, this variable was further used as a dichotomous parameter (below or above 50 th percentile). Presence of plaque in the bulbs and in the internal carotid arteries was categorized as no plaque, unilateral or bilateral presence. Since the number of plaques in the proximal common carotid arteries (n=7) and external carotid arteries (n=4) were low, the heritabilities of the plaques located at these sites were not analyzed. Both members of a twin pair were investigated by the same researcher and device in order to decrease inter-observer variability.
Statistical analysis
Higher correlation in MZ than in DZ pairs provides evidence for additive genetic influence (A) on a phenotype, while similarity of correlations suggests a contribution of the common familial environmental factors (C) shared by the twins; unique environmental factors (E), or environmental factors that affect one twin but not the other, are estimated using the deviation from perfect MZ co-twin correlation [3] . Univariate quantitative genetic ACE-models were fitted to decompose phenotypic variance of the considered parameters into additive genetic effects, or heritability [3] . The ACE model is able to estimate these components capitalizing on several reasonable assumptions that can be made ( Figure S4 ). We know that identical twins share their genome (r=1) while this correlates r=0.5 for fraternal twins. We also know that on average, both MZ and DZ twins equally share their common environment (r=1 for both MZ and DZ twins). The unique environment of the co-twins remains uncorrelated for both zygosities. In the structural equation model A, C and E components are latent variables but for both co-twins these latent variables are related to each other based on the described structure giving us the possibility to estimate the proportions of interest. Tables  Table S1. Clinical and ultrasonographic Figure  Figure S4 . Univariate A-C-E model Rectangles denote the observed variables (carotid plaque characteristics) and circles denote the latent variables. Curved arrows denote correlations (fixed at the highlighted values). Straight arrows signify the estimated impact of the latent factor on the variance of the observed phenotype. Letters A, C, and E are standing for additive genetic, common environmental and unique environmental influences respectively.
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